The methods and results of measurement of more than 100 Energy Doubler magnets are described. Training, quenchbehavior, ac loss, integral field, longitudinal homogeneity DC and AC multipole content, and vertical-plane angle measurements are described.
INTRODUCTION
The evolution of Energy Doubler magnets since the development of a superconducting accelerator at Fermilab began in 1972 has been described in numerous reports to previous accelerator conferences'and in other places.2 Basically, the Energy Doubler is a superconducting synchroton whose magnets will be installed under the existing conventional magnets in the Main Ring tunnel. Injection will be at approximately 100 to 150 GeV from the Main Ring. The Energy Doubler magnets are to be capable fo containing 1-TeV protons at fields of 4.3 T and the ring will also be capable of being operated as a storage ring for both protons and antiprotons made by Main Ring protons, then cooled. The synchrotron will also make possible welcome savtngs in Fermilab's large power bill and the first phase of the project is to build an Energy Saver ring.
There have been a number of advances in the magnet design since the previous conference, including:
1. a new collar3 (called "Type V") to hold the coils firmly in place during excitation. 2. use of Ebonol-treated strand (replacing Stay brite) to reduce eddy-current losses during ramping. The losses have been reduced to one-fourth of their previous value. 3. redesign of the pressure-relief system to lower the pressure rise during quenching. 4 . reduction of the dipole length from 22 to 21 feet to give more lattice space for correction elements. There have been significant sucesses in cooling a large (25 magnet) strings of magnets and transporting 90-GeV protons through the string. This work has shown that it is possible to transport beams in a large superconducting system without great difficulties from quenching.
Simultaneously, a magnet test facility has been developed, built, and is in full operation . It is shown in Fig. 1 . The facility's 1500 W CTi-Sultzer refrigerator and subcooling distributor is capable of independently cooling magnets on all six test stands (5 dipole and 1 quadrupole). Magnets are cooled in approximately 4 hours and tested at 4.7K in single phase liquid helium. After some minimal training to full field, ac losses, integral field, DC and AC multipole distributions, remanent fields and vertical-plane orientation are measured for each magnet.
A computerized measurement system taking data through a CAMAC PDP-11 configuration is used. The summarized data are transferred and stored in the Fermilab PDP-10 for access by anyone interested in Energy Doubler magnet data.
We have carried out more extensive Investigation of effects such as quenching and heat cycling in particular magnets and will describe them later in this report. A system of room-temperature measurements at low fields has been developed by R.E. Peters7 to give rapid feedback to the production process and the correspondence between these measurements and the superconducting results from 6ur facility has been studied in detail. With appropriate scaling of the dipole and sextupole components to account for the differences arising from the lack of a steel yoke the room-temperature measurements give accurate prediction of superconducting performance.
We now turn to a more detailed discussion of recent results.
Fig. 1. Magnet Test Facility
Big pipes are exhlaust pipes for quenching.
Vacuum insulated transfertubes are connecting 6 magnet stands to distribution box. Figure 2 shows a typical ramprate dependence of maximum quench current.
There have been some recent magnets that could not reach 4300A. The low maximum quench currents were closely correlated with low short-sample currents of the cable used in the coils. A detailed investigation by W.A. Fowler has indicated that the low current capability is traceable to a few bad billets of superconducting strand. 2. AC Loss. Most of the eddy-current loops have been eliminated by the use of Ebonol-treated strand5. The ac loss is now consistently smaller than 500 J/cycle, which is low enough to allow operation at 50 GeV/sec rate of rise with the planned refrigeration system. seen that the hysteresis is quite small. The stretchedwire system is a difficult measurement and we have therefore recently developed equipment that scans the field through the magnet with a NMR probe and a NMRcalibrated Hall probe for the fringe fields. This system is providing a more accurate absolute integral field as well as the longitudinal (z) structure of the field. An example is shown in Figure 4 . 4. Multipole Fields. The field in the beam bore is measured by a harmonic coil. To give an accurate description of the field, harmonic components up to the 30th pole are required.
Our coil is 8 feet long and therefore three measurements are required to cover an entire magnet. Signals are analyzed in real time and transformed to normal (bn) and skew (an) harmonic components defined as where the pole number is 2 (ni-I). The sextupole and decapole values are used to adjust the key angles of the coils. Figure 5 shows the history of sextupole component changes. Because of persistent currents in superconductors, some multipole components have large hysteresis effects, as shown in Figure 5 , but they are quite reproducible. They are, of course, less important at higher excitations. There are no observable saturation effects on the multipole components, because the iron is far from the coils. Figure 7 shows the vertical field profile in the median plane.
Harmonic components are also measured dynamically with ramping current. Figure 8 is The harmonic components are given in Table II at 4000A. The deviation from a pure quadrupole field is shown in Figure 9 . The normal sextupole component can be seen to dominate. There are also skew 8 and 10 poles and a normal 20-pole. The excitation dependences of the 12th decapole are shown in Figure 10 Table II Harmonic components of quad integral field relative to normal 4-role x1O04/in-13 in magnet QB-2. Recent magnets have been typically made with Ebonol inner coil and Staybrite outer coils and consequently the quench current at 200 A/s-Doubler ramp rate is enhanced. We have also measured the quench behavior of magnets whose coils are made with Zebra conductor and also some with Kapton tape insulator between strands.
Data on a ac loss measurements are summarized in Fig.12 . Clearly, different types of wire are distinguishable, Staybrite being generally worst (due to eddy-current coupling) and wire containing only Ebonol being best. There is a large reduction in cyclic loss when Ebonol strand is used.
There have been noticeable changes in transfer ratios (Gauss/Amp) with various collaring schemes, as shown in Figure13 . The FWHM is approximately 0.1% over all magnets measured, however bunching at a smaller width can be percieved as a function of magnet number(which is roughly time). We measure the transfer ratio (TR) by means of a NMR control circuit. Any errors in collaring can be clearly seen and feedback for monitoring and for improving collaring is thus provided.
The integral field is quite hard to measure in a 22-ft. dipole by the stretched wire and until recently some data were inadequate. Nevertheless, at 0.1%, the Doubler magnets are clearly reproducible in effective length. Is shown in Figure 14 .
We have made detailed studies of the rotation of the dipole field with quench history and also with (and this is a more violent change) warmup-cooldown cycles. So far we have indications that the field orientation rotates randomly over a heat cycle, but it is within the order of ±0.2 mrad at its maximum. Harmonic components were also measured, but the changes observed were very small.
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